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bstract

n order to improve the oxidation and thermal shock resistance of 2D C/SiC composites, dense SiB4–SiC matrix was in situ formed in 2D C/SiC
omposites by a joint process of slurry infiltration and liquid silicon infiltration. The synthesis mechanism of SiB4 was investigated by analyzing
he reaction products of B4C–Si system. Compared with the porous C/SiC composites, the density of C/SiC–SiB4 composites increased from

3
.63 to 2.23 g/cm and the flexural strength increased from 135 to 330 MPa. The thermal shock behaviors of C/SiC and C/SiC–SiB4 composites
rotected with SiC coating were studied using the method of air quenching. C/SiC–SiB4 composites displayed good resistance to thermal shock,
nd retained 95% of the original strength after being quenched in air from 1300 ◦C to room temperature for 60 cycles, which showed less weight
oss than C/SiC composite.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Continuous carbon fiber reinforced silicon carbide matrix
omposites (C/SiC) exhibit attractive properties for high temper-
ture structural applications because of their low density, high
trength, non-brittle mechanical behavior, good fatigue resis-
ance and good oxidation resistance at high temperatures.1–5

owever, C/SiC composites fabricated by chemical vapor infil-
ration (CVI) have large residual pores located among fiber
undles and matrix/coating micro-cracks resulted from the coef-
cient of thermal expansion (CTE) mismatch.6–8 Oxidizing
pecies can diffuse through these pores and micro-cracks, lead-
ng to the oxidation of pyrolytic carbon (PyC) interphase and
arbon fibers at high temperatures.9,10 Therefore, for long-
erm use at elevated temperatures, various efforts have being
xpended on attempting to improve the oxidation resistance of
/SiC composites.

Boron-bearing species are effective to improve the oxidation

esistance of C/SiC composites at relatively low temperatures
500–1000 ◦C). They can form liquid oxide phase (B2O3 or
–M–O ternary phase) during oxidation to fill cracks, slowing

∗ Corresponding author. Tel.: +86 29 88494947; fax: +86 29 88494620.
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own the in-depth diffusion of oxygen.1,11 In our previous work,
iO2–B2O3 glass was introduced into C/SiC composites. As a
ood sealant, SiO2–B2O3 glass filled the existing crack network
t the temperatures ranging from 500 to 1100 ◦C and effec-
ively improved the oxidation resistance of the composites.10

owever, SiO2–B2O3 glass itself has low softening temperature
hich may limit the application of C/SiC composites at ele-
ated temperatures. Therefore, a kind of matrix which has high
elting point and low liquid formation temperature is needed.
ilicon tetraboride (SiB4) has a melting point of 1920 ◦C and

ts liquid formation temperature is low.12 In the previous work,
iB4 particles as self-healing filler were infiltrated into the inter-
undle pores of 2D C/SiC composites by slurry infiltration (SI)
ombined with CVI SiC to improve the oxidation resistance of
omposites. The oxidation of SiB4 can lead to the formation
f fluid oxide phase SiO2–B2O3, which can hinder the inwards
iffusion of oxygen and protect the PyC interphase and carbon
bers from being oxidized.13,14 However, the SiB4–SiC matrix
as not dense because of the bottleneck effect of CVI, which

estricted its oxidation resistance at high temperatures.
In a word, it is necessary to form dense and homogeneous self-
ealing SiB4 matrix in porous 2D C/SiC composites. SI has been
roved to be a viable approach to introduce ceramic particles into
ber reinforced ceramic matrix composites.14–16 Liquid silicon

nfiltration (LSI) is an effective method to fabricate high-density,

mailto:yinxw@nwpu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.02.028
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ear net-shaped C/SiC composites at significantly reduced cost.
uring LSI, liquid silicon is sucked into the preform by capil-

ary force at temperatures well above the melting point of silicon
n vacuum.17–20 The wettability of liquid silicon in the porous
reform determines the extent and rate of spontaneous infiltra-
ion. Under vacuum, liquid silicon has favorable wettability on
oron carbide (B4C) at temperatures above 1410 ◦C.21 There-
ore, a joint process of SI and LSI can be a good solution of
ntroducing B4C particles and molten silicon into the porous
/SiC composite, leading to the in situ formation of SiB4 by
ontrolling the content of B4C particles and the reaction tem-
erature. Besides the short period of SI, infiltration time of LSI
s much shorter (in minutes). Therefore, the above joint process
an dramatically shorten the fabrication period of SiB4 modified
/SiC composites, which is cost-effective.

In the present work, the synthesis mechanism of SiB4 by the
eaction between B4C particles and liquid silicon was studied.
he microstructures, mechanical properties as well as thermal
hock resistance of SiB4 modified C/SiC composites were inves-
igated in comparison with those of C/SiC composites prepared
y CVI.

. Experimental

Carbon fiber preforms were prepared by stacking plain
eave carbon cloths (1 K, T-300, Toray Co., Japan) in a per-

orated graphite holder, which was tightened to obtain the
esired fiber volume fraction (40 vol.%). PyC interphase with
thickness of 0.2 �m was deposited on the fiber using C3H6

recursor at 850 ◦C for 144 h at a reduced pressure of 5 kPa
nd then heat-treated in argon atmosphere at 1800 ◦C for 1 h.
he as-treated carbon fiber preforms were employed to fabri-
ate a porous 2D C/SiC composite by low-pressure chemical
apor infiltration (LPCVI).22 These porous C/SiC composites
ere machined and polished into samples with a dimension
f 3.0 mm × 5.0 mm × 40.0 mm which were denoted as sample
. Sample A were infiltrated with B4C slurry, dried in a vac-
um freeze drier, and the as-received materials were denoted as
ample C. The slurry was prepared by dispersing B4C powders
D50 = 1.5 �m, 50 wt.%) in deionized water and ball milled for
4 h. Sample C were infiltrated with molten silicon at 1500 ◦C
nder vacuum for 5 min, and the as-received materials were
enoted as sample D. Two layers of CVD SiC coating were
eposited on sample D, and the as-received materials were
enoted as sample E. As a comparison, two layers of CVD SiC
oating were also deposited on sample A, the as-received mate-
ials were denoted as sample B. The schematic of the fabrication
rocedure of samples is presented in Fig. 1.

In order to reveal the synthesis mechanism of SiB4, the reac-
ion products of B4C–Si system were investigated. The raw
owders with different molar ratios of B4C and Si were ball
illed. Then the mixed powders were cold-pressed into B4C/Si
ompact specimens under the uniaxial pressure of 100 MPa. The
4C/Si compact specimens were heat-treated in a tube furnace

GSL-1600X, Hefei, China) in argon atmosphere at 1300, 1400
nd 1500 ◦C, respectively.

p
B
A
t

Fig. 1. The schematic of the fabrication procedure of samples.

Thermal shock tests were conducted in static air in a tube
urnace. Thermal cycling was carried out between 1300 ◦C and
oom temperature in a period of 20 min. Samples B and E were
ept in the furnace atmosphere for 10 min and then cooled in air
or 10 min. The quenching number was 20, 40 and 60 cycles,
espectively. The temperature difference �T was 1275 ◦C. The
eight changes of samples were measured by an analytical bal-

nce (Mettler Toledo, AG 204, Switzerland) and recorded as a
unction of quench cycle number. Cumulative weight changes
f the samples were calculated using the following equation:

m = m − m0

m0
× 100% (1)

here m and m0 are the weight of the samples after and before
hermal shock cycling, respectively. Three to six samples were

easured in each case for statistical significance.
Density and open porosity were measured by the Archimedes

ethod with distilled water. The microstructures of the sam-
les were observed under a scanning electron microscopy (SEM,
itachi, S2700, Japan). The phase composition was measured
y X-ray diffraction and microarea X-ray diffraction (XRD,
’pert PRO, Philips, Netherlands) with Cu K� radiation. The
ore size distributions of the samples were measured by Mer-
ury Porosimeter (Poremaster 33, Quantachrome Instruments
orporation, Florida, USA). The flexural strength of the sam-
les was measured via a three-point bending test (SANS CMT
304, Sans Materials Testing Co., Shenzhen, China) with a span
f 30 mm and a loading rate of 0.5 mm/min at room temperature.

. Results and discussion

.1. Synthesis mechanism of SiB4

The atomic structure of B4C consists of a chain C–B–C
nd one icosahedron B11C with the carbon atom staying at a

olar site.23 Si atoms may diffuse into the interstitial site of
–C crystal lattice, leading to the formation of solid solution.
t elevated temperatures, Si atoms may replace C atoms in

he C–B–C chain and icosahedron B11C, which leads to the
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ig. 2. (a) XRD patterns of B4C/Si compact specimens with a B4C/Si molar rati
f B4C/Si compact specimens with different B4C/Si molar ratio heat-treated at

ormation of silicon boride, and the replaced C atoms may react
ith excess Si, leading to the formation of SiC.
Fig. 2(a) shows the XRD patterns of B4C/Si compact spec-

mens heat-treated at different temperatures, in which B4C and
i had a molar ratio of 1:2. According to the XRD pattern of

he specimens heat-treated at 1300 ◦C, main peaks of �-SiC and
12(C, Si, B)3 were identified, besides B4C and Si in the raw
owders. SiC was formed by the reaction between Si and free
arbon in the raw powder, and B12(C, Si, B)3 was formed due to
he diffusion of Si atoms into the interstitial site of B4C crystal
attice at 1300 ◦C. The characteristic peaks of SiB4 were detected
n the specimens heat-treated at 1400 ◦C. The XRD pattern of the
pecimens heat-treated at 1500 ◦C showed an obvious charac-
eristic peak of SiB4 and the peak intensity was higher than that
f 1400 ◦C, which meant that the content of SiB4 increased with
eaction temperature increasing. To sum up, SiB4 can form at
400 ◦C and the amount increases with the increase of reaction
emperature.

Fig. 2(b) shows the XRD patterns of B4C/Si compact speci-
ens heat-treated at 1400 ◦C with different molar ratios of B4C

nd Si. The XRD pattern of specimen with a B4C/Si molar ratio
f 5:2 showed a part of Si reacted with free carbon to form SiC
nd others could form B12(C, Si, B)3. With the change of the
4C/Si molar ratio, the amount of SiB4 did not change appar-
ntly. Known from the above results, the replacement of C atoms
n B4C by Si atoms to form SiB4 needs higher temperature than
he diffusion of Si atoms into the interstitial site of B4C crystal
attice to form B12(C, Si, B)3.

According to the above results, SiB4 can be formed by con-
rolling the reaction temperature of B4C with liquid silicon and
heir molar ratio. B4C may be completely transformed into SiB4
hen the temperature is above 1500 ◦C and the molar ratio
etween B4C and Si reaches 1:2.

In the modified C/SiC composites, the molar ratio between

4C and Si and their reaction temperature can be adjusted during
I and LSI. The reaction is described as:

Si(l) + B4C(s) → SiC(s) + SiB4(s) (2)

o

2 heat-treated at 1300 ◦C, 1400 ◦C and 1500 ◦C, respectively; (b) XRD patterns
◦C.

uring LSI, the vacuum environment can be beneficial to the
omplete reaction of B4C with liquid silicon.

.2. Microstructure and mechanical properties of
omposites

For CVI C/SiC composites, carbon fibers are protected by
yC interphase and SiC matrix layer. However, there are plenty
f pores located among fiber bundles. Fig. 3(a) shows that there
re two kinds of pores in sample A, inter-bundle pores and intra-
undle pores, which had a density of 1.63 g/cm3 and an open
orosity of 20% (Table 1).

B4C slurry was infiltrated into the pores of sample A by a joint
rocess of vacuum infiltration and pressure infiltration until the
olume fraction of B4C reached 8 vol.%. As shown in Fig. 3(b),
ost of the pores were filled with B4C particles via SI, and the

ensity of the composite was increased to 1.85 g/cm3 (Table 1).
4C filler had little effect on improving the flexural strength of

he composites.
LSI procedure involves infiltration and reaction.24 During

SI procedure, B4C reacts with liquid silicon, leading to the in
itu formation of SiB4 and SiC phases, SiC crystals grow by
he mechanism of recrystallization through the liquid phase.21

t 1500 ◦C, reaction between Si and B4C (molar volume is
2.2 cm3/mol) with the formation of SiC (molar volume is
2.5 cm3/mol) and SiB4 (molar volume is 29.2 cm3/mol) accord-
ng to Eq. (2) leads to a volume increase of 87.8%. Thus, the

4C–Si reaction tends to close the infiltration pore channels
n direct competition with the continuing infiltration of liquid
ilicon into the preform. Therefore, there should be sufficient
orosity existing until all B4C particles are consumed by the
eaction.

The infiltration depth of silicon melt among the B4C particles
s determined by the infiltration capillary pressure. Integration

f Darcy’s law24:

dl

t
= −K0�P

ηl
(3)
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ig. 3. Back-scattered electron images on the polished cross-section: (a) sample
ample D.

ields the well-known parabolic law:

2 = −2
K0

η
�Pt (4)

here l is the infiltrated distance, η is the fluid viscosity, K0
s the constant permeability and t is the infiltration time. �P
s the infiltration capillary pressure, which can be determined
ndependent of specific pore structures as25:

P = SP

VP
γLV cos θ (5)
here γLV is the liquid/vapor interfacial energy, SP is the pore
urface area, VP is the pore volume and θ is the wetting angle.

According to Eq. (5), at the infiltration temperature, the infil-
ration capillary pressure increases with the decrease of wetting

o
L
r
i

able 1
roperties of various samples.

amples Open porosity (%) Density (g/cm3)

ample A 20 1.63
ample B 9 1.92
ample C 12 1.85
ample D 6 2.23
ample E 5 2.36
owing the inter-bundle pores and the intra-bundle pores; (b) sample C; and (c)

ngle. Under vacuum the wetting angle for liquid silicon on B4C
s as low as 20◦ at temperatures above 1410 ◦C,21 so the infil-
rated distance increases quickly with increasing the infiltration
ime, as known from Eq. (4). Thus, liquid silicon could sponta-
eously infiltrate into the pores and completely react with B4C,
eading to the formation of SiB4–SiC binary matrix.

Fig. 4 displays the pore size distributions of samples A, C,
nd D. Most pores of sample A had a median size of 100 �m,
hich were located among the fiber bundles. After SI, the inter-
undle pores of sample A were filled with B4C particles, which
ivided the pores into smaller ones. Therefore, the average size

f the inter-bundle pores in sample C decreased to 10 �m. During
SI, the matrix was further densified by liquid silicon. As a

esult, there existed only a small quantity of intra-bundle pores
n sample D.

Flexural strength (MPa) Flexural modulus (GPa)

135 ± 4 25 ± 2
222 ± 4 25 ± 2

– –
330 ± 19 30 ± 2
340 ± 19 36 ± 2
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Fig. 4. Pore size distributions of samples A, C and D.

Fig. 5 reveals the phase compositions of four randomly
elected microareas in sample D. In these microareas, only car-
on, SiC and SiB4 were found. It illustrated that B4C has been
ompletely transformed into SiB4 during LSI under vacuum,
n accordance with Eq. (2). Fig. 3(c) shows the polished cross-
ection of sample D, where dark areas in the original inter-bundle
ores represented SiC phase and gray areas SiB4. It can be seen
hat the inter-bundle pores of porous composites were filled
omogeneously by the in situ formed SiB4–SiC matrix.

Properties of the samples including density, open porosity,
exural strength, and flexural modulus are presented in Table 1.
fter densified with SiB4 and SiC, flexural strength and modu-

us of the porous CVI C/SiC composites increased from 135 to
30 MPa and from 25 to 30 GPa, respectively. After coated with
wo layers of SiC coating, strength and modulus of the modi-
ed C/SiC composites only slightly increased to 340 MPa and
6 GPa, respectively, corresponding to the noticeable decrease in
he porosity. As a comparison, when the porous CVI C/SiC com-
osites with a density of 1.63 g/cm3, sample A, was coated with
wo layers of SiC coating, the composites, sample B, attained a

exural strength of 222 MPa and a flexural modulus of 25 GPa.

Known from the flexural stress–strain curves of the samples
Fig. 6), the modified composites had improved flexural strength

Fig. 5. Microarea XRD patterns of sample D.

3

c

Fig. 6. Flexural stress–strain curves of samples A, B, D and E.

nd modulus, which exhibited a non-catastrophic failure behav-
or. Porous C/SiC (sample A) had high porosity, and matrix
ould not transfer the stress effectively to the fibers. Therefore,
hen the stress reached the maximum, sample A consumed the
inimum work of fracture, which can be estimated from the

rea beneath the stress–strain curves. As a comparison, the SiB4
odified C/SiC composites (samples D and E) could consume
uch higher work of fracture. The improvement of the mechan-

cal properties is owing to the densification of the matrix which
lays a key role in stress transferring. During loading, stress can
e effectively transferred from dense matrix to the PyC inter-
hase and the carbon fibers. As a compliant interfacial layer, PyC
nterphase may release the thermal residual stresses between the
ense matrix and the carbon fibers. Matrix micro-cracks propa-
ating in the dense SiC–SiB4 matrix can be deflected in the PyC
nterphase, leading to the pullout of the carbon fibers (Fig. 7).
s a result, the dense C/SiC–SiB4 composites showed improved
echanical properties.
.3. Thermal shock resistance of composites

The thermal shock resistances of samples B and E were
ompared, which were air-quenched from 1300 ◦C to room tem-

Fig. 7. SEM image on the fracture surface of sample D.



1960 F. Shi et al. / Journal of the European Ceramic Society 30 (2010) 1955–1962

F
B

p
s
a
t
f
t
m
W
B
m
o
F
r
S
s
f
(
i

i
i

F
B
t

t

σ

w
c
r
e

α

w
o
R
s

σ

A
c
ulus. With the decreases of the coefficient of thermal expansion

F
t

ig. 8. Effect of thermal shock cycle number on the weight changes of samples
and E.

erature for 60 cycles. Fig. 8 illustrates the effect of thermal
hock cycle number on the weight losses of samples B and E,
nd the weight losses were both increased continuously due to
he oxidation. When samples B and E were thermally shocked
or less than 20 cycles, they had a similar weight loss due
o the inwards diffusion of oxygen through the matrix/coating

icro-cracks which led to the consumption of carbon phase.
ith increasing thermal shock cycles, weight loss of sample
continued to increase, because the large open porosity and

atrix micro-cracks applied channels for the in-depth diffusion
f oxygen, leading to the oxidation of carbon fibers (Fig. 9).
or sample E, with the increase of thermal shock cycles, the
eaction between SiB4 and O2 led to the formation of B2O3 and
iO2 as glass sealant, which filled the matrix micro-cracks, as
hown in Fig. 10(b). The glass sealant hindered the inwards dif-
usion of oxygen and protected carbon fibers against oxidation
Fig. 10(a)). The weight loss of the sample E kept slowly increas-
ng due to the volatilization of B2O3 at high temperatures.13,14
A temperature difference was produced by the sudden change
n the surrounding temperature, and thermal stress was generated
n the composites. The matrix thermal stress (σm) created due

o
m
i

ig. 10. Back-scattered electron images on the polished cross-section of the sample
he fibers were protected against oxidation and (b) high magnification image showing
ig. 9. Back-scattered electron image on the polished cross-section of sample
, showing carbon fibers were oxidized due to the inward diffusion of oxygen

hrough micro-cracks.

o the temperature difference is expressed by:

m = Em(αc − αm)�T (6)

here �T is the temperature difference, αc and αm are the
oefficient of thermal expansion of composite and matrix,
espectively. Em is the flexural modulus of matrix. αc can be
xpressed as the following equation:

c = αfEfVf + αmEm(1 − Vf)

EfVf + Em(1 − Vf )
(7)

here Vf is the fiber fraction of composites, Ef is the modulus
f fiber and αf is the coefficient of thermal expansion of fiber.
egarding Eqs. (6) and (7), an expression for matrix thermal

tress can be expressed as Eq. (8):

m = ΔT
αf − αm

(Vf/Em) + (1 − Vf)/Ef
Vf (8)

ccording to Eq. (8), matrix thermal stress is related to the
oefficient of thermal expansion of matrix and the matrix mod-
f matrix and the matrix modulus, the thermal stress in the
atrix decrease, as well as in the fiber, leading to an increase

n strength of the composites. The flexural strength and the

E after thermal shock test for 60 cycles: (a) low magnification image showing
the matrix micro-cracks was self-healed by the formation of glass.
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Fig. 11. Effect of thermal shock cycle number on the mechanical proper

exural modulus of samples B and E as a function of quench
ycle number are shown in Fig. 11(a) and (b). As shown in
ig. 11(b), with the increase of quench cycle number, the flex-
ral modulus of samples decreased gradually. When sample E
as thermally shocked for less than 20 cycles, the coefficient
f thermal expansion of fiber and matrix gradually matched and
he thermal stress decreased gradually, leading to the increase
f the flexural strength. With the further increase of the quench
ycle number, the flexural strength decreased due to the con-
umption of carbon phase. For sample E, when quenching cycle
umber continued to increase, micro-cracks in the SiC matrix
ere healed by borosilicate glass formed by the oxidation of
iB4. As a result, the residual flexural strength of sample E
etained 95% of the original strength after thermal shock test for
0 cycles. As a comparison, there were more pores in sample B
nd the matrix/coating micro-cracks cannot be effectively healed
t 1300 ◦C, leading to the continuous consumption of carbon
hase. As a result, the flexural strength of sample B decreased
y 24% after 60 cycles of thermal shock.

. Conclusions

The current work reported on the synthesis mechanism of
iB4 from the B4C–Si system. Silicon atoms begin to diffuse

nto the interstitial site of B4C crystal lattice at 1300 ◦C with the
ormation of solid solution of B12(C, Si, B)3. Above 1400 ◦C,
iB4 can be formed due to the replacement of C atoms in B4C
y silicon atoms. The amount of in situ formed SiB4 increased
ith the increase of reaction temperature. According to the reac-

ive synthesis mechanism of SiB4, B4C particles were infiltrated
nto the inter-bundle pores of porous 2D C/SiC composites by
lurry infiltration, which reacted with molten silicon at 1500 ◦C,
eading to the in situ formation of C/SiC–SiB4 composites. Com-
ared with CVI C/SiC composites, the mechanical properties
nd thermal shock resistance of C/SiC–SiB4 composite were
reatly improved.
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